High-frequency stimulation of the nucleus accumbens, also known as deep brain stimulation (DBS), is currently used to alleviate obsessive compulsive symptoms when pharmacotherapy is ineffective. However, the mechanism by which DBS achieves its therapeutic actions is not understood. Imaging studies and the actions of dopaminergic drugs in untreated patients suggest that the dopamine (DA) system likely plays a role in the pathophysiology of obsessive compulsive disorder. Therefore, we examined whether DBS would impact the DA system as a potential component of its therapeutic actions. The activity of DA neurons in the substantia nigra pars compacta (SNc) and ventral tegmental area (VTA) were recorded in anesthetized rats under high-frequency stimulation. DA neuron activity was measured in terms of number of neurons firing, average firing rate and firing pattern. DBS of the nucleus accumbens core did not significantly affect VTA activity or discharge pattern. On the other hand, DBS caused a potent decrease in the number of SNc DA neurons firing spontaneously. Such an effect could contribute to the disruption of pathological habit formation in the SNc-dorsal striatal projection system that may have therapeutic implications for the treatment of obsessive compulsive disorder.
Introduction
High-frequency stimulation (HFS), also known as deep brain stimulation (DBS), is an invasive neurosurgical intervention introduced in the 1990s to alleviate motor disorders in otherwise intractable patients (Benabid et al., 1991 (Benabid et al., , 1994 Krack et al., 2003; Rehncrona et al., 2003; Deuschl et al., 2006) . This approach has been extended into the realm of psychiatric disorders as an efficacious alternative to ablative neurosurgery for treatment-resistant patients. One disease area in which it has shown particular efficacy is in the treatment of intractable obsessive compulsive disorder (OCD; for review see Greenberg et al., 2010) .
OCD is a psychiatric disorder characterized in the DSM IV (1994) by obsessions (intrusive recurrent thoughts) and compulsions (repetitive aberrant behavior). Current effective therapeutic intervention in patients suggests that dopaminergic and serotonergic systems are involved in the pathophysiology and treatment of compulsive behavior (Denys et al., 2004b; Koo et al., 2010) . Serotonin reuptake inhibitors are the most common medication used in the clinic but do not work in every patient, and often dopamine (DA) antagonists are substituted or added (Koo et al., 2010) . Furthermore, positrom emission tomography (PET) studies suggest the presence of an imbalanced dopaminergic system in OCD patients (Denys et al., 2004a; Perani et al., 2008; Wong et al., 2008; Olver et al., 2009) , and dopamine transporter ligand binding is elevated in the striatum of unmedicated OCD patients (van der Wee et al., 2004) . When pharmacotherapeutic intervention fails to yield improvement in severity of the symptoms or if the side effects of the medication surpass the benefits, HFS of the ventral striatal region has been used as an alternative (Greenberg et al., 2010) . However, the mechanisms by which HFS alleviates OCD symptoms are not fully understood.
Pre-clinical studies suggest that DBS of the nucleus accumbens core (NAc), analogous to the clinical DBS target, may alleviate OCD symptoms by reducing activity in subsets of orbitofrontal cortical neurons, potentially by inducing long-term potentiation in local recurrent inhibitory circuits via antidromic activation of corticostriatal axon collaterals (McCracken and Grace, 2007) . Further work suggests that therapeutic efficacy may involve enhancement of rhythmicity and synchronous inhibition within and between afferent structures, thereby normalizing function of a neural circuit that shows aberrant activity in OCD (McCracken and Grace, 2009 ). In contrast, despite the implications of a dopaminergic involvement in OCD, the effect of NAc HFS on dopaminergic systems has never been specifically studied. In this study, we examined the direct effects of NAc HFS on the mesolimbic (ventral tegmental area, VTA) and nigrostriatal (substantia nigra pars compacta, SNc) dopaminergic systems.
Experimental procedures

Subjects
Forty male Sprague-Dawley rats obtained from Harlan Laboratories (USA) were housed in pairs on a 12-h light/dark cycle. The rats arrived weighing approximately 300 g and were housed directly in a regular light cycle room. All protocols are consistent with the guidelines outlined in the U.S. Public Health Service Guide for the Care and Use of Laboratory Animals (National Research Council, 2011) , and were approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh, USA.
Extracellular recordings from dopamine neurons
Male Sprague-Dawley rats (300-450 g) were anaesthetized with chloral hydrate (400 mg/kg i.p.) and placed in a stereotaxic apparatus. Chloral hydrate was used for all recordings as under this anesthetic, the evoked cortical activity is relatively unaltered (Angel and Gratton, 1982) and DA neuron activity states more closely resemble that observed in freely moving rats (Hyland et al., 2002) . Anesthesia was maintained by supplemental administration of chloral hydrate i.p. as required to maintain suppression of the hindlimb compression withdrawal reflex. A core body temperature of 37°C was maintained by a thermostatically controlled heating pad (TR-200; Fine Science Tools, USA).
Stimulation of the nucleus accumbens bilaterally (A/P = + 1.2, M/L = ± 2 from bregma and ventral 6.9 mm from the skull) was performed with bipolar concentric stimulating electrodes (NEX100) (David Kopf Instruments, USA) set at 130 Hz, 200 μA and 100 μs pulse width. The coordinates of the nucleus accumbens core and the parameters of stimulation were chosen based on our previous study (McCracken and Grace, 2007) . Glass extracellular microelectrodes were constructed from 2.0 mm Omegadot tubing (World Precision Instrument, Inc., USA), pulled on a Narishige PE-2 puller, broken back under microscopic control to an impedance of 6-14 MΩ, and filled with Chicago Sky Blue dye dissolved in saline (SigmaAldricht, USA). DA neurons were recorded either in the VTA or the SNc. A burr hole was drilled in the skull overlying the VTA (A/P = − 5.3 mm, M/L = + 0.6 mm from bregma and 6.5 to 9.0 mm ventral of brain surface) or the SNc (A/P = + 2.8 mm, M/L = + 2 mm from lambda and 6.5 to 9.0 mm ventral of brain surface), the dura resected, and the electrode lowered into the respective regions using a hydraulic microdrive (model 640; David Kopf Instruments, USA). The activity of the population of DA neurons was determined by counting the number of spontaneously active DA neurons encountered while making 6-9 vertical passes or tracks, separated by 200 μM, in a predetermined pattern to sample equivalent regions of the SNc and VTA, and recording the spontaneous firing rate and discharge pattern for each DA neuron encountered. The array of tracks was designed as a square with a side of three possible tracks centered (track 5) on the most central part of VTA or the SNc, which allowed the most antero-posterior or medio-lateral tracks to remain within the boundary of the region of interest according to an atlas (Paxinos and Watson, 1998) . When a recording electrode's resistance significantly changed (i.e. broken or clogged), the track was discarded from the analysis. The number of analyzed tracks per animal was not significantly different across groups. Spontaneously active dopamine neurons were identified with open filter settings (high pass: 3 Hz, low pass: 30 kHz) using previously established electrophysiological criteria (Grace and Bunney, 1983) including an action potential duration greater than 2 ms, an irregular (variable interspike interval) or bursting firing pattern (at least two 3-spike bursts occurring during a 500 spike epoch), and a firing rate between 0.5 to 12 Hz. These criteria were found to be sufficient to accurately identify the vast majority of neurons as dopaminergic (Ungless and Grace, 2012) . Once a stable dopamine neuron was identified (signal-to-noise typically greater than 3:1), high pass filter settings were increased (to 10 or 100 Hz) to optimize data acquisition and subsequent analysis. After isolating the first spontaneously active DA neuron the stimulation was turned on (130 Hz, 0.1-0.2 mA and 0.1 ms pulse duration) and remained active until the end of the recording session. For sham groups the stimulation was never turned on. Each neuron was recorded for a minimum period of 6 min and the analysis was performed on a block of 3 min. DA neurons were subdivided into bursting (at least two 3-spike bursts occurring during a 500 spike epoch) or non-bursting, as previously defined (Grace and Bunney, 1984) . A burst was defined as at least two spikes with an interspike interval equal to or less than 80 ms, with burst termination defined as a subsequent interspike interval greater than 160 ms (Grace and Bunney, 1984) . The general activity of the VTA was assessed with the number of spontaneously active DA neurons per track (or cells per track, CPT), their respective firing rate (FR) and the proportion of spikes occurring in bursts (%SIB). Then the bursting neuron population was calculated and the bursting neuron ratio (BNR) was derived from this analysis, and is defined as the number of bursting DA neurons divided by the total number of active DA neurons recorded.
Stimulation of the NAc electrode could potentially result in antidromic spikes recorded in SNc or VTA DA neurons that provide direct input to the NAc core (Groenewegen et al., 1999) . This is not likely given that the pulse duration used was substantially less than that typically required to antidromically activate the thin, non-myelinated axons of DA neurons (Guyenet and Aghajanian, 1978; Grace and Bunney, 1983) . Moreover, none of the DA neuron spikes recorded demonstrated fixed latency or high-frequency following, which would be expected for antidromic activation (Maurice et al., 2003) .
Histology
Following the cessation of each electrophysiological experiment, the recording site was marked using electrophoretic ejection of Chicago Sky Blue dye (−20 μA constant current: 20-30 min). Rats were euthanized with an overdose of chloral hydrate, decapitated and the brains removed. The brains were submerged in 8% paraformaldehyde (in PB) for fixation for a period of at least 48 h. The brains were then transferred to a 25% sucrose solution (in PB) for cryoprotection before being frozen and sectioned on a cryostat in the coronal plane (thickness: 60 μM). Sections were placed on gelatin-chromalumcoated slides and stained using Cresyl Violet and Neutral Red stain for histochemical verification of electrode placement with reference to a stereotaxic atlas (Paxinos and Watson, 1998).
Data analysis
The electrophysiological recording data collected were processed using LabChart Pro (AD Instrument Inc., USA) and Neuroexplorer 4 (Nex Technologie, USA). As the neuron spike duration was much longer than the stimulation artifact, the spikes could be accurately discriminated. Similar observation was reported during extracellular recordings of dopamine neuron (Hu et al., 2011) . Dopamine neurons recorded from the SNc or the VTA, despite sharing some electrophysiological characteristics, are regulated by different sets input and output projections and cannot be considered identical (WatabeUchida et al., 2012) . In that regard, the respective controls were compared with stimulated animals using Student's t test, the equality of variance was tested beforehand using a F-test. No differences of variances were found across the entire set of data we collected, and no corrections were applied for the subsequent Student's t tests. When possible 3 min of the baseline of the first DA neuron recorded in stimulated animals before the onset of stimulation was compared with the first 3 min of high-frequency stimulation of the NAc core in their respective recorded target for firing rate and proportion of spikes occurring into bursts. In that context a paired Student's t test was used after the equality of variance was assessed using an F-test.
For all tests, a p value less than 0.05 was considered to be significantly different between the tested groups. The stimulating electrodes were implanted bilaterally, but for simplicity purposes only the localization of the right electrode in shown for the stimulated animals and the left electrodes for the sham animals. Three rats stimulating electrodes were located outside of the boundaries of the NAc, their respective recording sites were not reported in panels B and C as they were discarded from the study.
Results
Histology showed that three rats stimulated in the NAc core had misplaced electrodes and in one rat the recording site was not in the SNc; these data were excluded from the analysis (Fig. 1) . The final groups are as follow: 19 sham-stimulated rats (10 recorded in the VTA and 9 in the SNc) and 17 stimulated rats (9 recorded in the VTA and 8 in the SNc). The total number of tracks recorded was consistent between groups and showed no statistical differences (VTA: control = 6.40 ± 0.16 and DBS = 6.77 ± 0.22, t 17 = 1.389, n.s.; SNc: control = 7.22 ± 0.32 and DBS = 7.62 ± 0.53, t 15 = 0.663, n.s.). HFS of the NAc core significantly decreased the DA neuron population activity in the SNc as compared with controls (i.e. number of DA neurons firing; control = 0.86 ± 0.05; DBS = 0.59 ± 0.07; t 15 = 2.995, p = 0.009; Fig. 2a ), but DA neuron activity recorded in the VTA remained unaffected (control = 1.13 ± 0.08; DBS = 0.95 ± 0.06; t 17 = 1.753; n.s.). No other differences were found between sham and stimulated animals in the VTA or SNc and their controls with respect to ratio of bursting DA neurons (t < 0.5, n.s.; Fig. 2b ), or the average firing rate (t < 1, n.s.; Fig. 2c ), or percentage of spikes in bursts (t < 1.1, n.s.; Fig. 2d) . Therefore, HFS of the NAc core reduces the overall output of the SNc DA neurons.
In three stimulated rats, two of which were recorded in the SNc and one in the VTA, we were not able to maintain the recording of the first DA neuron after the onset of high-frequency stimulation. The analysis of the immediate effect of HFS is based on six stimulated animals in which we recorded in the SNc and eight in the VTA. No difference was found in the SNc in terms of firing rate or proportion of spikes in bursts (firing rate: DBS off = 4.01 ± 0.87 and DBS on = 3.10 ± 0.82, t 5 = 1.536, n.s.; percentage of spikes in bursts: DBS off = 9.19 ± 7.34 and DBS on = 8.34 ± 3.89, t 5 = 0.143, n.s.); nor in the VTA (firing rate: DBS off = 2.38 ± 0.45 and DBS on = 2.28 ± 0.45, t 7 = 0.286, n.s.; percentage of spikes in bursts: DBS off = 11.86 ± 4.22 and DBS on = 11.80 ± 6.68, t 7 = 0.009, n.s.).
Discussion
In this study, we examined the impact of DBS applied bilaterally to the NAc core region on the activity of the mesolimbic and nigrostriatal DA neurons. Surprisingly, the stimulation did not impact the mesolimbic, reward-related or salience-related (Sesack and Grace, 2009 ) DA neuron population, which is in line with recently reported experiments (Hu et al., 2011) . In contrast, the stimulation was found to significantly reduce the number of active DA neurons in the SNc, whereas the number of bursting dopamine neurons, the average firing rate and the percentage of spikes occurring in bursts in this structure were otherwise not affected. A decrease in the number of DA neurons firing would functionally attenuate the influence of the DA system on this circuit. NAc core DBS has been reported to decrease the level of DA and its metabolites in medial prefrontal cortex, which was associated with lower tyrosine hydroxylase expression (Sesia et al., 2010; Falowski et al., 2011) .
What is the impact of a decrease in SNc dopamine neuron population activity? Only spontaneously firing DA neurons can be recruited to fire in phasic bursts (Floresco et al., 2003) . Furthermore, we have shown in a subsequent study that the number of DA neurons firing spontaneously determines the amplitude of the phasic DA response to stimuli (Lodge and Grace, 2006) . Therefore by decreasing the number of DA neurons active, phasic events would have less influence over the striatum and other targeted structures such as the prefrontal cortex. A decrease in the activity of SNc DA neurons projecting to regions involved in maintenance of habits could be a therapeutically relevant action in OCD, either through direct inhibition of formed habits or alternately by enabling the system to reconfigure in the absence of a dopaminergic influence. Given the delayed onset of therapeutic action of DBS in OCD (Greenberg et al., 2006) , the latter explanation is more likely.
The fact that we observed no effect on the VTA but a decrease in general activity of the SNc suggests that HFS actions may be mediated via either the striatofugal fibers targeting the SNc or the corticofugal fibers innervating the striatum (Groenewegen et al., 1999) . Whether this is attributable to alterations in cortical interneuron function, as proposed by McCracken and Grace (2007) , inhibition of the ventral pallidum (Hu et al., 2011) leading to alterations via a multisynaptic circuit, or via direct pathway activation, is not clear at this point. Our data, however, do not suggest antidromic inhibition and provide little support for direct inhibition. Indeed the DA neurons recorded while the stimulation was initiated showed no changes in activity. Nonetheless, the finding that the average firing rate and firing pattern did not change does not conclusively mean that individual neurons did not change in different directions (activation vs. inhibition), or even that the neurons which activities were silenced during stimulation were not compensated for by changes in other neuron firing characteristics, which failed to show a significant difference when averaged across the population. Thus, by sampling population activity, we can assess changes in the overall output of SN DA neuron activity, but cannot speculate on how it affects all of the individual neurons.
There are several pathways that could account for the impact of DBS on the dopamine system. Dopamine fibers reaching the nucleus accumbens core originate in the lateral half of the VTA and medial part of the substantia nigra pars compacta (SNc) (Heimer et al., 1997; Ikemoto, 2007) . Reciprocally, there is a direct striatonigral projection from the NAc to the lateral part of VTA and throughout much of the SNc (Somogyi et al., 1981; Zahm and Heimer, 1993; Watabe-Uchida et al., 2012) . Outputs of the NAc parallel the dorsal striatal projections by sending fibers to the dorsolateral portion of the subcommissural ventral pallidum and both output nuclei of the basal ganglia, the entopeduncular nucleus and substantia nigra pars reticulata (Haber et al., 1990; Zahm and Heimer, 1990; Heimer et al., 1991; Deniau et al., 1994; Groenewegen et al., 1999) . The ventral pallidum projects as well to the entopeduncular nucleus, both with direct inhibitory projections and indirectly through the excitatory subthalamic nucleus (Groenewegen et al., 1993) . Importantly, the entopeduncular nucleus sends much denser inhibitory projections to the SNc than to the VTA (Watabe-Uchida et al., 2012). The ventral striatal input to the SNc is significant as it potentially allows ventral striatal modulation of the dorsal striatum (Nauta et al., 1978; Haber et al., 2000; Everitt et al., 2008) and could therefore account for the ventral striatal DBS actions on SNc dopamine neuron activity.
The fact that DBS affected primarily the nigrostriatal DA system has potential relevance for OCD: in OCD there is an inability to disengage from a task. Although the mesolimbic DA system has projections to ventral striatal regions involved in reward and stimulus salience (Schultz, 2010; Lodge and Grace, 2011) , the SNc projections to the dorsal striatum are considered to have more involvement in habit formation (Everitt et al., 2008) .
Similar DBS protocols (comparable parameters of stimulation between 30 min to a few hours) have been reported to have a potential therapeutic effect on addiction to various substance of abuse (Liu et al., 2008; Knapp et al., 2009; Henderson et al., 2010; Guo et al., 2013) , impulsive behavior (Sesia et al., 2008) and compulsive-like behavior (van Kuyck et al., 2003; Mundt et al., 2009 ). In some instances the effect was shown to be specific to the time of stimulation (van Kuyck et al., 2003 (van Kuyck et al., , 2008 Sesia et al., 2008 Sesia et al., , 2010 Mundt et al., 2009) , suggesting a short onset of action with no long-term effects. Given that each of these involve habit formation and dorsal striatal function (Robbins et al., 2012) , a modulation via SNc dopamine neuron activity could be a common therapeutic response.
In conclusion, high-frequency stimulation of the nucleus accumbens core inhibits the activity of the SN pars compacta DA neurons but does not affect VTA DA neuron activity. Thus, HFS of the NAc may influence the dorsal striatum activity and exert control over expression of habits.
